We investigated the structure and electronic properties of unidirectional Pt 2 Si nanowires ͑NWs͒ grown on a Si͑100͒-2°off surface. We found that Pt 2 Si NWs were formed along the step edges of the Si͑100͒-2°off surface with c͑4 ϫ 6͒ reconstructions that occurred on the terraces of Si͑100͒ using scanning tunneling microscopy and the structure of formed NWs was found to be Pt 2 Si by core-level photoemission spectroscopy. Moreover, we confirmed that the electronic band structures of the NWs along the NW direction are different from those perpendicular to the NWs and the surface state induced by the Pt 2 Si NWs was observed with a small density of state using the angle-resolved photoemission spectra.
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Conducting nanowires ͑NWs͒ with highly anisotropic properties have been intensively studied due to their advantageous physical properties as well as their various potential applications in nanoscale devices. [1] [2] [3] [4] Generally, NWs have great potential as nanoscale wiring materials not only because of their conductive properties but also due to their regular shapes with the widths of a few nanometers and the lengths on the order of hundreds of nanometers. In particular, rare-earth silicide NWs on silicon surfaces have attracted interest as candidate nanostructures that are compatible with current silicon technologies. [5] [6] [7] [8] However, the applications of rare-earth silicide NWs in general devices are indistinct because of their easy contamination by oxidation. To overcome this limitation, we focused on noble metal silicide NWs because noble metals rarely form insulating metal oxide layers, and hence are expected to be easily applied to nanoscale devices under normal conditions. 9 Recently, we reported the metallic properties of Pt 2 Si NWs formed on a flat Si͑100͒ surface by scanning tunneling microscopy ͑STM͒ and scanning tunneling spectroscopy ͑STS͒ measurement. 10 However, because of the double domain structure of the flat Si͑100͒ substrate, most of the NWs crossed other NWs on the surface. In addition, such crossings not only shorten the length of NWs but also lead to short circuits in the nanoscale interconnections.
Hence, we sought to fabricate Pt 2 Si NWs on a Si͑100͒-2°off surface, which is expected to solve these problems. Since the growth direction of Pt 2 Si NWs depends on the orientation of the substrate, we expect that the single domain structure of the vicinal Si͑100͒ surface would allow us to control the direction and length of the Pt 2 Si NWs, in a manner analogous to other unidirectional RESi 2−x NWs grown on a vicinal Si͑100͒ surface. 8, 11, 12 Here, we report on the growth of unidirectional Pt 2 Si NWs on a 2°off vicinal Si͑100͒ surface. The structure and electronic properties of the Pt 2 Si NWs will be elucidated by STM, core-level photoemission spectroscopy ͑CLPES͒, and angle-resolved ultraviolet photoemission spectroscopy ͑ARUPS͒.
STM experiments were performed in an ultrahigh vacuum chamber ͑P = 8.0ϫ 10 −11 Torr͒ using an OMICRON VT-STM. An N-type ͑As-doped͒ Si͑100͒-2°off surface was cleaned by thermal annealing. After confirming the cleanness of Si͑100͒ surface using STM, Pt was deposited on the surface with an e-beam evaporator ͑OS-Vap, Oxford Scientific͒. During the Pt deposition, the temperature of the Si͑100͒ surface was maintained at 600°C and the pressure was kept below 1.5ϫ 10 −10 Torr. After the deposition of Pt, the surface was annealed again at 600°C for 10 min to form the stable Pt silicide with a single phase. All STM measurements were performed at room temperature in constant current imaging mode at 0.1 nA, with the sample bias voltage set to −2.0 V. CLPES and ARUPS were performed using a soft x-ray beamline ͑8A2͒ at the Pohang Accelerator Laboratory and He-I ͑h = 21.2 eV͒, respectively, from a high performance electron analyzer ͑SES-2002, Gamma Data, Sweden͒. The binding energies were referenced to the valence spectra of a clean Ta surface. The base pressure was kept at 7.0 ϫ 10 −11 Torr. The photoemission spectra were analyzed by a standard nonlinear least-squares fitting procedure using Voigt functions. face is known to have a single domain 2 ϫ 1 structure.
14 As shown in this image, the Si͑100͒-2°off surface exhibits well ordered S B terraces that are 21 dimers wide ͑about 8 nm͒ separated by steps perpendicular to the dimer rows, as well as some S A terraces; similar characteristics were observed in a previous study of this surface.
15 Figure 1͑b͒ shows a filledstate STM image of well aligned unidirectional Pt 2 Si NWs on a Si͑100͒-2°off surface. Interestingly, most of the terraces on the Si͑100͒ surface were converted to S A terraces after the formation of the Pt 2 Si NWs, as shown in the inset of Fig.  1͑b͒ . The disappearance of the S B steps after Pt deposition can be well explained by the bullet model of Miki et al. 16 Since Pt 2 Si NWs grow along the ͓0 1 1͔ direction 10 and step edges of terraces are reactive sites for NW formation, S A steps satisfy both the growth direction and reactivity requirements for Pt 2 Si NW growth. Hence, we can explain that Pt 2 Si NWs initially nucleate on an S A terrace and grow along the ͓0 1 1͔ direction with the elongation of the S A terrace. As this elongation proceeds, the upper S B terrace retreats from the NWs. Finally, the S B terraces disappear and S A terraces dominate the surface.
As shown in Fig. 1͑b͒ , Pt 2 Si NWs grown on a vicinal Si͑100͒ surface are unidirectional and have very high aspect ratios along the ͓0 1 1͔ direction. The average NW width is 11 nm and the maximum length is larger than 1 m. To clarify the exact structure of the Pt 2 Si NWs, we examined a magnified image of the surface ͓see Fig. 1͑c͔͒ . As shown in this image, the Pt 2 Si NWs have regular oval shaped protrusions along the ͓0 1 1͔ direction ͓marked as ovals in Fig.  1͑c͔͒ . Similar protrusions, separated by a similar distance, have been observed previously on a flat Si͑100͒ surface, 10 indicating that the miscut of the substrate used in the present work affects only the lengths of the NWs and not other aspects of their structure. To examine whether the Pt 2 Si NWs remain after high temperature annealing, we annealed the sample at 1200°C for 5 min. Figure 1͑d͒ shows a STM image of the sample shown in Fig. 1͑c͒ after it had been subjected to high temperature annealing. The annealed surface shows many defects on terraces induced by the bulk diffusion of Pt into the Si subsurface.
To observe the change of electronic structure at the surface with different sample treatments, we obtained the highresolution core-level spectra of Si 2p and Pt 4f with a photon energy of 150 eV and their corresponding low-energy electron diffraction ͑LEED͒ patterns ͑Fig. 2͒. Figure 2͑a͒ shows the Si 2p core-level spectrum of a clean Si͑100͒-2°off surface. This spectrum matches well with the previously reported spectrum for a flat Si͑100͒ surface. 17, 18 The clean surface also shows a sharp Si͑100͒-2 ϫ 1 LEED pattern ͓Fig. 2͑g͔͒. After confirming that the surface was cleaned by examining the Si 2p core-level spectrum and LEED pattern, we deposited Pt atoms to prepare well ordered Pt silicide NWs. Figure 2͑b͒ shows the Si 2p core-level spectrum obtained after deposition of Pt at 600°C followed by postannealing at 600°C for 10 min. A Pt silicide peak ͑A͒ and Pt 2 Si NW peak ͑AЈ͒ start to appear at 0.35 and 0.44 eV higher energy than the binding energy of the bulk Si 2p core-level peak ͑99.2 eV͒. 10 The LEED pattern ͓Fig. 2͑h͔͒ clearly shows that Pt deposition induced c͑4 ϫ 6͒ and c͑4 ϫ 2͒ reconstructions, which coexist with Pt 2 Si NWs. 19, 20 Figure 2͑c͒ shows the Si 2p core-level spectrum recorded after annealing at 1200°C for 5 min. As confirmed in the STM image of the sample after high temperature annealing ͓Fig. 1͑d͔͒, the spectral feature corresponding to Pt 2 Si NWs ͑peak AЈ͒ disappears after annealing at 1200°C. Moreover, the intensity of the Pt silicide peak ͑A͒ is reduced by high temperature annealing. Interestingly, a new peak ͑labeled as D͒ at higher binding energy ͑100.1 eV͒ emerged as a result of high temperature annealing. We attribute this new peak to charged Pt particles ͑Pt nucleation͒ formed by the breaking of the Pt silicide during annealing. As shown in the LEED pattern of Fig. 2͑i͒ , the substrate recovers to a Si͑100͒-2 ϫ 1 structure after annealing at 1200°C. Pt induced defects caused the distorted LEED spots observed in Fig. 2͑i͒ . In addition, we found that the defect induced peak ͑marked as C͒ is remarkably increased at a binding energy of 98.8 eV, which is different from the energy of the Si up dimer peak ͑98.68 eV͒. Pt 4f core-level spectra in Figs. 2͑d͒-2͑f͒ give clues as to the stoichiometry of the NWs. In Fig. 2͑e͒ , the Pt 4f peak is observed at a binding energy of 72.7 eV, which coincides with the binding energy of Pt 2 Si. 21 Figure 2͑f͒ shows the Pt 4f peak taken after annealing at 1200°C for 5 min to give information on the stoichiometry for Pt silicide that has diffused into the bulk Si substrate. In this case, the Pt 4f peak position again coincides with the binding energy of Pt 2 Si NWs, although the intensity is much smaller due to the desorption or bulk diffusion of Pt. Accordingly, the Pt atoms that diffused into the bulk substrate are also likely to form Pt 2 Si. All of the CLPES curve fitting results are listed in Table I .
To investigate the electronic structures for each sample condition, we measured angle-resolved valence band spectra for samples prepared using various treatments ͑Fig. 3͒. The spectra were measured along the symmetric axes of the 2 ϫ 1 surface Brillouin zone ͑SBZ͒. Figures 3͑b͒ and 3͑c͒ show the band spectra taken perpendicular and parallel to the Pt 2 Si NWs, respectively. For comparison, the band spectra of the clean Si͑100͒-2°off surface in the ͓0 1 1͔ direction are shown in Fig. 3͑a͒ . As shown in Figs. 3͑b͒ and 3͑e͒ , the spectra taken perpendicular to the NW still have the surface state of the clean Si͑100͒ surface, although the binding energy shifts toward the higher-energy region. The state caused by Si dangling bonds ͑A1͒ appears at 1.16 eV. 22 This shift of the binding energy toward higher-energy region is reasonable because Pt atoms are thought to be located between the pairs of Si dimers along the ͓0 1 1͔ direction. 20, 21 Si dangling bonds on the reconstructed Si surface are expected to have higher binding energy than that of the clean Si surface since there is partial electron donation to the Pt-Si bonds. In addition to the Si dangling bond state ͑A1͒, we can observe one more surface state ͑S1͒ at ⌫ and ⌫ 2 . Given that the S1 binding energy is higher than that of the Si dangling bonds, we attribute S1 to Pt-Si bonds of c͑4 ϫ 6͒ or c͑4 ϫ 2͒ surface reconstructions. Pt 5d band at 3.8 eV is also observed. Figure 3͑c͒ shows the band spectra taken parallel to the NWs. Similar to the spectra taken perpendicular to the NWs, the spectra also show the Si dangling bond ͑A1Ј͒ and defect ͑B1͒ states. 22 The dispersion of the dangling bond state ͑A1Ј͒ differs greatly from that of the Si dangling bond state ͑A͒ in Fig. 3͑a͒ . The defect state ͑B1͒ is also extended throughout the whole SBZ region compared to that of clean Si surface in Fig. 3͑a͒ . The Pt induced surface state ͑S1Ј͒ appears at 1.60 eV, which is similar to the binding energy of S1. The similarity of the shape and binding energy of S1 and S1Ј suggests that they derive from the same electronic state of Pt-Si bonds. Metallic NWs such as Gd ͑Ref. 23͒ and Dy Fig. 3͑a͒ , does not show such phenomenon. Thus, the existence of DOS at the E F cannot be disregarded and it elucidates that Pt 2 Si NW might also be metallic.
In conclusion, we have investigated the formation of unidirectional Pt 2 Si NWs on a vicinal Si͑100͒-2°off surface using STM and determined electrical properties of these NWs to Pt 2 Si using CLPES. Pt 2 Si NWs were found to grow well along the ͓0 1 1͔ direction on a vicinal Si͑100͒ surface. Specifically, the NWs grew along the step edges of S A terraces. In addition, we elucidated that the band structure taken in the parallel direction to the NWs showed surface states induced by Pt and the observation of the presence of small DOS at E F suggests that the Pt 2 Si NWs have metallic properties. 
